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Optical Read-Out and Initialization of an Electron Spin in a Single Quantum Dot
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We describe theoretically the resonant optical excitation of a trion with circularly polarized light
and discuss how this trion permits the read-out of a single electron spin through a recycling transi-
tion. Optical pumping through combination of circularly polarized optical pi –pulses with permanent
or pi – pulsed transverse magnetic fields suggests feasible protocols for spin initialization.
PACS numbers: 78.67.Hc,03.67.Lx,78.47.+p,71.35.-y
An electron spin in a single quantum dot (QD) could
be used as a solid state qubit if certain requirements are
met[1, 2, 3]. For example, it must be possible to co-
herently manipulate single and entangled spins in a time
much faster than the spin coherence time and to read
out the state of the single electron spin during the spin
relaxation time. It has been suggested [1] that electronic
gates could be used to accomplish these tasks in semicon-
ductor materials, and great effort currently is being ex-
erted to demonstrate the needed quantum tools in nano-
structured systems. One of the most difficult of these
requirements in a fully electronic implementation is the
measurement of the state of a single spin.
Here we consider an alternative optical approach to
this problem. If a single unpaired electron is contained
in a QD in which an exciton can be excited, the selec-
tivity and sensitivity of optical techniques provides the
opportunity to access the spin states in individual and
pairs of semiconductor QDs. An optical based compu-
tation scheme is of special interest because of the speed
that operations could be carried out using ultrafast laser
technology, and because of the power of optical selec-
tion rules to measure and control spin. Similar tech-
niques have achieved remarkable success in the measure-
ment and control of the hyperfine states of individual ions
in magnetic traps for quantum computing [4]. Over the
last decade, materials development based on atomic layer
growth, doping, and gating techniques have led to semi-
conductor QD systems in which a single electron can be
injected into a QD, and most importantly, there have re-
cently been a number of demonstrations in which a single
QD with a single electron spin has been probed optically
[5]. Furthermore, several groups have demonstrated op-
tical Rabi oscillations in a single QD [6]. In this letter we
demonstrate theoretically that the resonant optical exci-
tation of the spin to an intermediate trion state can lead
both to readout and initialization capability in spite of
random hyperfine fields of nuclei acting on the electron
spin.
We consider singly charged QDs in which the lateral di-
mensions are much larger than the height - which serves
as the quantization axis, z , for the electron and hole
spin projections [7]. The ground electron and hole states
in these QDs are degenerate with respect to their spin
projection ±1/2 (denoted as | ↑〉 and | ↓〉 ) and ±3/2
(denoted as | ⇑〉 and | ⇓〉 ) respectively. The opti-
cal excitation of the charged dots leads to the formation
of a trion that consists of two electrons sitting at the
same quantum level and a hole (see Fig.1). The | ↑↓⇑〉
( | ↑↓⇓〉 ) ground state of a trion created by σ+ ( σ− ) po-
larized light from the | ↑〉 ( | ↓〉 )) electron state [5] can
decay spontaneously only into the same initial electron
state (see Fig. 1). This decay process is accompanied
by emission of circularly polarized light in which σ+ or
σ− polarization is uniquely determined by the | ↑〉 or
| ↓〉 electron spin projection, respectively. Importantly,
the selection rules allow the repetition of this cycle many
times without losing the electron spin state.
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FIG. 1: Schematic presentation of (a): the trion created by
σ+ polarized light in singly charged QDs; (b): coherent &
spontaneous optical transitions and spin relaxation processes
that control the spin dynamics in the singly charged QD.
As a result the polarization of emitted light allows
us, in principle, to measure the electron spin projection
through this recycling transition. However the electron
and trion spin relaxation will limit the measurement time
of the photoluminescence (PL) with the given polariza-
tion. It is obvious that one would want to collect as
many photons as possible from a single QD before the
electron spin relaxes. Even under resonant excitation
condition, however, the rate of emitted photons can not
exceed 1/τr , where τr is the trion radiative decay time.
At first glance this limits significantly the possibility of
optical measurements of the spin state in a single QD be-
cause the spin relaxation time does not exceed ∼ 100τr
even in very optimistic estimates.
2Electron spin relaxation at low temperatures is mainly
caused by its interaction with nuclei. In a zero exter-
nal magnetic field the electron spin precesses in the hy-
perfine field, B N , of the frozen configuration of nu-
clear spins interacting with the localized electron with
frequency ΩN = µBgeBN/h¯ [8], where µB is the Bohr
magneton, and ge is the electron g -factor. B N has an
arbitrary direction and its component perpendicular to
the z axis of the QD leads to electron spin relaxation [9].
Calculation shows that the electron spin relaxation time
is on the order of ∼ 1− 10 ns, depending on the QD size
[8]. This is usually longer than the radiative decay time
of the trion [10]. In contrast, the trion should not inter-
act strongly with the nuclear spin because its electrons
are in a singlet state and a hole has negligable hyperfine
interaction. The hole spin relaxation in the trion state
is a two–phonon assisted process [11]. The probability
of such processes is proportional to the phonon concen-
tration, which decreases exponentially with temperature.
As a result the trion spin relaxation time, τhs (as well
as the electron spin time, τes , connected with phonon
assisted transitions) can be much longer than the elec-
tron spin relaxation time by nuclear interactions at low
temperatures, and it is the latter that should limit our
ability to measure the electron spin orientation. We will
show, however, that electron spin relaxation in a nuclear
field is suppressed by light in the strong coupling regime,
and as a result the electron spin state in a single QD can
be measured optically.
Intense resonant light drives the transitions between
the electron and trion states. The frequency of these
population oscillations is given by the Rabi frequency
( ΩR ) at resonant excitation, ΩR = 2dE/h¯ , where d is
the dipole moment of the optical transition and E is the
electric field amplitude. Under strong excitation condi-
tions when ΩR ≫ ΩN the electron spin can not signif-
icantly change its direction because the spin precession
is interrupted by the light stimulated excitation of the
electron into the trion state. The spin precession is in-
terrupted periodically at the Rabi frequency, and at high
excitation intensity the spin can change its projection by
only a very small value (ΩN/ΩR)
2 ≪ 1 , a type of ”line
narrowing” [12]. As a result spin relaxation arising from
the hyperfine field is suppressed.
The spontaneous decay of the trion is the incoherent
process that destroys the synchronization of the electron
spin motion with electromagnetic excitation and leads fi-
nally to electron spin relaxation in the strong excitation
regime. A strong, polarized laser field splits the elec-
tron ±1/2 spin states because of Rabi splitting. This
reduces the admixture of the -1/2 spin state to the +1/2
spin state, which is proportional now to the small value
ΩN/ΩR . As a result the rate of spontaneous trion de-
cay into the electron -1/2 spin state that describes the
electron spin relaxation can be obtained in second order
perturbation theory:
1
T es
=
1
τr
(
ΩN
ΩR
)2
(1)
The time of electron spin relaxation T es under strong
excitation, ΩN/ΩR ≪ 1 , is much longer than τr . Thus,
the optical recycling transition provides more PL photons
before relaxation occurs.
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FIG. 2: Time dependence of the | ↑↓⇑〉 trion state popula-
tion, P3/2 , for three excitation intensities for ΩNτr = 0.1 .
The solid and dashed lines are calculated for the | ↑〉 and
| ↓〉 initial electron spin state, respectively.
We explore this problem completely using the density
matrix approach for the four level system of Fig.1b. Po-
larized σ+ light with frequency ω connects only the
electron +1/2 spin state with the trion +3/2 spin state.
Electron spin relaxation arising from the hyperfine field
leads to transitions between the electron spin states. We
include now the hole spin relaxation, which leads to tran-
sitions between the trion spin states.
Figure 2 shows the time dependence of the diagonal
component of the density matrix P3/2 describing the
population of the +3/2 trion state. P3/2 characterizes
the intensity of the σ+ polarized PL because the rate of
the σ+ polarized photon emission ∼ P3/2/τr . The cal-
culations were done for the two initial electron spin orien-
tation ( sz = ±1/2 ) for zero detuning, ε3/2−ε1/2− h¯ω =
0 . One can see that at low excitation intensity (see Fig.
2a) the population of the trion state P3/2 excited by σ
+
polarized light oscillates with the frequency of the elec-
tron spin precession in the hyperfine field of the nuclei.
The oscillations have opposite phase for the two opposite
initial conditions of the electron spin. At intermediate
3excitation intensity ΩRτr = 1 (see Fig. 2b) the preces-
sion oscillations are suppressed and the σ+ polarized PL
from the QD when the electron initially has +1/2 spin
is more intense then if the electron has -1/2 spin. When
the optical excitation is further increased (Fig. 2c), Rabi
oscillations appear at short times and the difference in
PL intensity for the two cases remains much longer. The
difference in the PL intensity for the two cases allow us
to measure the electron spin polarization with high ac-
curacy in the case of strong optical excitation (see Fig.
2c). The technically challenging problem to distinguish
emission from the scattering light in this scheme can be
resolved for example by using time resolved technique.
It is important to note that eventually the density ma-
trix relaxes to the stationary state, which does not de-
pend on the initial condition. That is why only the tran-
sient part of the PL polarization, measured at t < T es ,
provides information on the electron spin polarization.
At longer times optical pumping of the electron spin be-
comes important. This suggests using intense circularly
polarized light for optical initialization of the electron
spins in the QDs.
Optical pumping of electron spins was demonstrated in
atoms almost 50 years ago in a seminal paper of Brossel
and Kastler [13]. In those experiments circularly polar-
ized light transfered an electron from one spin sublevel
into an excited state, which then decayed spontaneously
into both spin sublevels of the ground state. This leads
to the depletion of one of the ground state sublevels and
accumulation in the other spin sublevel. Unfortunately,
this optical pumping scheme does not normally work in
our QDs [7] because the excited trion decays only into
the same initial state (see Fig. 1a).
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FIG. 3: The dependence of the steady state degree of elec-
tron spin polarization on ΩR that is proportional to the laser
field amplitude for different hole spin relaxation rates, 1/τhs .
Inset: The dependence of the single spin measurement error
on the hole spin relaxation rate, ΩRτr = 10 .
Electron and hole spin relaxation allows us to over-
come this restriction. Figure 3 shows the degree of elec-
tron spin polarization ρ = (P1/2−P−1/2)/(P1/2+P−1/2)
calculated as a function of excitation intensity in steady
state ( t→∞ ), where P±1/2 are the populations of the
electron states. At times t > T es the intense σ
+ po-
larized light keeps the electron in one of its ±1/2 spin
states independent of the initial electron spin orientation.
In the case when T es ≪ τ
h
s one can completely neglect
the hole spin relaxation processes. The steady state so-
lutions of the density matrix equations show that under
strong excitation conditions, ΩR ≫ 1/τr ≫ ΩN , an elec-
tron is practically always in the +1/2 spin state and the
probability to find it in the -1/2 spin state is propor-
tional to 1/(τrΩR)
2 ≪ 1 . In the opposite limiting case,
T es ≫ τ
h
s , as a result of the hole spin flip processes, the
electron is finally transfered to the optically passive -1/2
state similar to that in the pumping experiment of Ref.
13. The probability to find an electron in the +1/2 spin
state is ∼ τhs /T
e
s ≪ 1 .
As one can see in Fig. 3, a high degree of electron
spin polarization can be achieved using a very intense
polarized light source, such that ΩRτr >> 1 . However,
optical pumping of electron spin can also be achieved
using a remarkable property of our QDs: the trion state is
not affected by a magnetic field lying in the quantum wall
(QW) plane in a first approximation. This allows one to
use a combination of pi –optical pulses and a transverse
magnetic field for spin initialization in QDs.
The transverse magnetic field does not affect the sin-
glet trion, consisting of two electrons in a singlet state
and a heavy hole, because the | ⇑〉 and | ⇓〉 heavy hole
states have zero g-factor in the plane of the quantum
well [14]. A simple protocol leading to electron spin ori-
entation is a sequential action of optical and magnetic
pi –pulses. The first σ+ ( σ− ) polarized optical pi –pulse
creates the | ↑↓⇑〉 ( | ↑↓⇓〉 ) singlet trion state if the
QD contains an electron in the | ↑〉 ( | ↓〉 ) spin state.
According to the selection rules, this optical pulse does
not affect the QD if the electron is in the opposite | ↓〉
( | ↑〉 ) spin state. The electron in this QD can be trans-
fered to the | ↑〉 ( | ↓〉 ) spin state by the short magnetic
pi –pulse which at the same time would not affect the
trion state, if it was formed. As a result 100% polarized
electrons can be prepared in the | ↑〉 ( | ↓〉 ) spin state
after the trion relaxation to the ground state of the QD.
For realization of this protocol the duration of the mag-
netic pi –pulse should be shorter than the lifetime of the
trion[10]. Creation of short magnetic pulses is a difficult
technical problem that perhaps can be solved, for exam-
ple, using electric field variation of the electron g-factor
in a permanent magnetic field [15, 16].
Alternatively, the combined effect of pi –optical pulses
and permanent transverse magnetic field allows one to
initialize an electron spin into a state with a well defined
phase. The permanent magnetic field, B , lying in the
QW plane leads to the precession of the electron spin with
Larmor frequency Ωe = µBgeB/h¯ . However, the phase
of its precession is not defined. The phase of the electron
4spin precession can be fixed by applying synchronized
periodic optical pi –pulses with period Tp = 2pin/Ωe ,
where n = 1, 2, ... . Such an experimental setup was
used already by Kikkawa and Awschalom for nonresonant
excitation of QWs [17].
To describe this process quantitatively, let us consider
the dynamics of the electron and trion spin polarization
during the time, t , between two optical circularly po-
larized pi –pulses: tN+1 > t > tN , where tN = NTp
(N = 0, 1, ... ). In vector representation, the evolution of
the electron spin polarization S is described by:
dS
dt
= [Ω e × S ]−
S
τes
+
J(t)
τr
e z , (2)
where e z is the unit vector along the z axis, Ω e ⊥
e z , τ
e
s is the electron spin relaxation time, which is
much longer than 2pi/ΩN in an external magnetic field
B ≫ BN [12]. J(t) = J(tN ) exp(−γ∆t) is the time de-
pendence of 1/3 of the average spin projection of the trion
hole on the z – axis after the optical pi –pulse, where
∆t = t− tN and γ = 1/τr + 1/τ
h
s . Equation (2) can be
solved for the complex spin components S± = Sy ± iSz
representing rotation of the spin around the magnetic
field, which is taken along the x –axis.
The important characteristic of the electron spin pre-
cession that describes electron spin polarization along the
z -axis is Sz(t) = Im[S+(t)] . At the time when the trion
recombines to the ground one–electron state ( ∆t≫ τr ),
Sz(t) = 0.5[P1/2(t)−P−1/2(t)] , and its time dependence
can be written
Sz(t) = Re
[(
Sz(tN + δ) +
J(tN + δ)
τr(γ + iω)
)
eiω∆t
]
, (3)
where ω = Ωe + i/τ
e
s and δ → 0 . The initial values
of the electron and trion spin polarizations in Eq.3 af-
ter the σ+ polarized pi –pulse are connected with the
density matrix elements before this pulse: Sz(tN + δ) =
−0.5P−1/2(tN − δ) and J(tN + δ) = 0.5P1/2(tN − δ) .
These values are expressed through the electron spin
polarization P1/2(tN − δ) = 0.5[2Sz(tN − δ) + 1] and
P−1/2(tN − δ) = 0.5[1 − 2Sz(tN − δ)] . Substituting
Sz(tN + δ) and J(tN + δ) into Eq.(3) one can obtain
the recursive relation for Sz(tN+1 − δ) and Sz(tN − δ) :
Sz(tN+1) = Re
{[
2Sz(tN )− 1
4
+
2Sz(tN ) + 1
4τr(γ + iω)
]
eiωTp
}
.
Let us consider the spin dynamics of the initially un-
polarized electron spin after action of the σ+ –polarized
pi –pulse. In this case the initial condition: Sz(0−δ) = 0 .
The recursive relation has a clear physical interpretation
in two limiting cases. First, when Ωeτr ≪ 1 the denomi-
nator τr(γ+ iω) ≈ 1 because τ
h
s , τ
e
s ≫ τr . The electron
spin polarization is conserved during trion relaxation;
the trion contribution to the electron spin polarization,
1/4 , completely compensates the electron contribution,
−1/4 , and the electron remains unpolarized. In the op-
posite limit of strong magnetic fields, Ωeτr ≫ 1 , the
electron left after slow recombination of the trion is out
of phase and this compensation does not happen. As a
result, a significant electron spin polarization is created
in the QD after trion recombination.
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FIG. 4: The degree of electron spin polarization as a function
of the σ+ polarized optical pi –pulse number (N ).
Repeating the optical pi –pulses allows us to pump the
electron spin of a certain phase to high polarization if the
electron spin relaxation time is long enough: Tp ≪ τ
e
s .
Fig. 4 shows the degree of electron spin polarization,
ρ(tN ) = 2Sz(tN ) , as a function of the pi –pulse number.
The polarization degree reaches 99% after N = 8 pulses.
This last initialization protocol can be matched with
the read out scheme suggested above. Intense resonant
steady state excitation of the trion by circularly polarized
light turned on at t = NTp would allow one to measure
the electron spin polarization if ΩR ≫ Ωe .
The above consideration assumed ideal selection rules
which hold for QDs with cylindrical shape or at least C2v
symmetry. Only significant deviations from this shape
can change them in epitaxial QDs due to weak admixture
of light and heavy hole subbands. To check the feasibil-
ity of our measurement scheme we include weakly allowed
forbidden transitions in our four level model as well as
additional dephasing which may be connected with fluc-
tuations of the trion-electron transition energy in a ran-
dom electric field. These deviations from the ideal model
increase the spin relaxation rate. They do not affect sig-
nificantly, however, our ability to determine an electron
spin by measuring the burst of the photons or its ab-
sence. The effect can be quantified by the measurement
error introduced in [18]. The inset in Fig. 3 shows the
dependence of the error on the total hole spin relaxation
rate where both additional mechanisms are included into
1/τhs and 1/T
e
s , calculated for various photon bursts
and registration efficiencies 50%, 70% and 90%. An addi-
tional dephasing rate smaller than 1/τr and probability
of the forbidden transition smaller then 0.001/τr does
not practically increase the error of our measurements.
In conclusion, our analysis shows that polarization of
5a single electron spin in a QD can be measured optically
using an intense resonant light source that suppresses
electron spin relaxation. We also propose using a com-
bination of pi -pulses and transverse magnetic field for
optical pumping of the electron spins in QDs. The sim-
plest protocol leading to electron spin orientation is a se-
quential combination of optical and magnetic pi -pulses.
A high degree of electron spin polarization can also be
achieved with a permanent transverse magnetic field by
applying optical pi - pulses with repetition rate equal to
an integer multiple of the magnetic precession frequency.
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